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Objectives

The goal of this research program has been to establish a quantitative link
between important strengthening mechanisms and the observed stress-strain behavior of
complex, metallic aerospace materials via a modeling strategy involving mesoscale
dislocation dynamics (DD) simulations and spatial homogenization. In addition, we have
sought to understand better the role of cracks and grain boundaries in determining
mechanical behavior, and the impact of obstacles on the formation of dislocation
substructures. Substantial progress has been made towards these ends by further
developing the DD methodology, by elucidating the interactions among dislocations,
solute, and extended defects, and by characterizing dislocation patterning resulting from
interactions with obstacles. We summarize below the main results obtained under the
auspices of this grant.

Final Status of the Effort

Dislocation Dynamics Simulation — Level-Set Approach

We developed a parallel version of our level-set code and used this capability to
study dislocation/obstacle interactions in which a deformable line passes through a sea of
obstacles. In this work, the dislocation conformation changes in response to the elastic
field of the obstacles, and both climb and glide motion are incorporated. With this code
we have been able to move beyond older line-tension models of dislocation motion and
therefore model more realistically hindered dislocation motion and associated
strengthening behavior. In particular, it was found, somewhat counter-intuitively, that
climb can reduce the effective glide mobility as dislocation lines find low-energy
configurations when moving perpendicular to the glide plane.

In the future, we hope to build on this work to incorporate both non-random and
mobile obstacle distributions. It is expected that these additions will result in more
realistic models of dislocation/obstacle interactions that will permit the description of, for
example, dynamic pinning/unpinning behavior associated with the Portevin-LeChatelier
effect. Furthermore, the modeling of various spatial distributions of obstacles will allow
us to identify those obstacle arrangements that lead to optimal pinning characteristics.

Crack/Solute Interactions

We have also developed a better understanding of the role of crack/solute
interactions in determining material properties. The segregation of impurities to cracks
influences crack stability and thereby the fracture toughness of a material. One important
driving force for segregation is the long-ranged elastic interaction that results from
misfitting solute atoms in the stress field of the crack. Thus, we have used simulation to
examine these interactions.



In particular, to describe segregation in systems with stable cracks, we developed
a novel, kinetic lattice-gas Monte Carlo simulation to describe quantitatively solute
transport near a crack. In this model the crack is parameterized by a distribution of
dislocations whose Burgers vectors adjust in response to loads (from solute and
externally applied stresses) so as to maintain zero-traction boundary conditions. In a
regime where crack loading is dominated by external tensile stresses, rate equations have
been developed to describe the resulting biased diffusive flux. In a regime where solute
loading becomes important, it is found that this loading enhances segregation and leads to
small correlations in diffusive motion. In an extension of this work, we also examined
diffusion in a system containing low-angle grain boundaries, as modeled by dislocation
arrays.

Dislocation Patterning and Stress Correlations

We also examined the impact of obstacles, such as impurities and grain
boundaries, on the formation of patterns in a system of mutually interaction dislocations.
This was accomplished by characterizing the order in a pattern in terms of dislocation
structure factors that reflect the tendency to form dislocation wall segments. We found
that random stationary impurities frustrate wall formation without altering the
characteristic length scale of the dislocation patterning, while grain boundaries promote
dislocation wall formation via dislocation incorporation. By relating correlations in the
dislocation density to stress correlations and invoking results from earlier studies of the
random-field Ising model, we were also able to make some predictions for induced solute
patterning in phase-separating alloys.

Unified Framework for Defect Energetics

We developed a unified framework for dislocation-based defect energetics, and
validated our formalism by considering both the self- and interaction energies for
combinations of cracks and grain boundaries. These extended defects were modeled as
dislocation arrays, and this approach permits rapid calculation of defect energies. For
example, grain-boundary energies as well as boundary interaction energies and
crack/boundary energies, can be calculated with this formalism.

Accomplishments
In summary, our accomplishments during the period of this grant, include:

- the parallelization of our DD code and its application to investigate
dislocation/obstacle interactions.

- the use of a lattice-gas Monte Carlo approach to study solute/crack interactions.

- the use of energy minimization to examine dislocation pattern formation in the
presence of obstacles (including grain boundaries).

- the establishment of criteria for induced solute patterning in alloys.



- the development of a unified framework to calculate the self- and interaction
energies of extended defects.

- the writing of a review of coarse-graining methodologies to link DD simulation
with continuum descriptions of dislocation behavior.
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Our accomplishments over the course of this grant include:

- the parallelization of our DD code and its application to investigate dislocation/obstacle
interactions.

- the use of a lattice-gas Monte Carlo approach to study solute/crack interactions.

- the use of energy minimization to examine dislocation pattern formation in the
presence of obstacles (including grain boundaries).

- the establishment of criteria for induced solute patterning in alloys.

- the development of a unified framework to calculate the self- and interaction
energies of extended defects.



~"Phillip Cherbaka: DTIC Final Technical Report

- the writing of a review of coarse-graining methodologies to link DD simulation with
continuum descriptions of dislocation behavior.
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